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Spectroscopic Studies of the Vibrational and Electronic Properties of Solid Hydrogen
to 285 GPa
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We report Raman scattering and visible to near-infrared absorption spectra of solid hydrogen under
static pressure up to 285 GPa at 85-140 K. We obtain pressure dependences of vibron and phonon
modes in agreement with previously determined to lower pressures. The results indicate the stability
of the ordered molecular phase III to the highest pressure reached and provide constraints on the
insulator-to-metal transition pressure.
Recent theoretical predictions for transformation of
crystalline solid hydrogen to its metal state are still un-
certain and range between 260-410 GPa1–3. Metalliza-
tion by band overlap is predicted to occur prior break
down to a monoatomic state3. The ability of theory to
calculate the band gap at relevant densities is substan-
tially impaired by the uncertainty of the structure of the
high-pressure molecular modification of solid hydrogen -
phase III (e.g., Ref.4). The nature of this phase and its
related infrared activity have been the topic of numerous
theoretical and experimental studies (e.g. Ref.5), but
definitive knowledge of its crystal and electronic struc-
ture is not yet in hand.
Diamond-anvil cells have been used successfully to
reach static pressures on the order of 360 GPa for com-
pressed metals6–8. However, numerous attempts to com-
press solid hydrogen in order to transform it to conduct-
ing states9–15 have not been successful in reaching the
critical pressure range while at the same time character-
izing the sample and pressure definitively. The claim of
compressing solid hydrogen to 342 GPa15, for instance,
showed no evidence for the presence of hydrogen in the
sample chamber, indicating that instead the ”soft” hy-
drogen was most likely lost by developing small leaks in
diamonds and gasket or by reaction with the gasket ma-
terial (see Ref.4). In addition, the large stress-induced
increase in optical absorption and fluorescence in dia-
mond anvils6,16,17 poses a major obstacle in optical mea-
surements of hydrogen samples and pressure calibration
by ruby fluorescence. Control measurements for opti-
cal absorption experiments are essential. For example,
comparison of the absorption of the transparent ruby
grains adjacent to hydrogen can be used to ascertain that
the pressure-induced changes in absorption occurs is in
hydrogen but not in the diamond windows9. At pres-
sures beyond 180 GPa, the ruby fluorescence becomes
extremely weak and can be overwhelmed by diamond
fluorescence, thus presenting another serious problem for
pressure calibration. As a result, the pressure for our pre-
viously reported onset of absorption in hydrogen could
only be determined as being above 200 GPa, but the
upper limit could not be established. Indirect methods
of pressure calibration such as x-ray diffraction measure-
ments on the gasket15 do not indicate the pressure of the
sample, and pressure calibration based on the pressure
shift of diamond Raman band18 may vary by as much
as a factor of three depending upon the local nonhydro-
static stress condition on the pressure-bearing diamond
anvil surface19,20.
Infrared and Raman spectroscopies have been success-
fully used to obtain information about molecular orien-
tational ordering, strength of intermolecular interactions,
crystal structure, phase transitions, and charge transfer
in hydrogen, but have been previously limited in the pres-
sure range reached13,21–27. In this paper we extend spec-
troscopic measurements on solid hydrogen to 285 GPa,
as well as accurate pressure determination by ruby flu-
orescence to 255 GPa. IR spectroscopy is particularly
suited for ultrahigh pressure study of hydrogen because
of the dramatic increase in vibron intensity in phase III.
On the other hand, one must overcome the difficulty of
focusing the diffraction limited IR beam to study micro-
scopic samples in the diamond cell. For Raman spec-
troscopy, we must reduce the fluorescence background
of the diamond by choosing anvils with very low initial
fluorescence. We find that the hydrogen vibron persists
to the highest pressure reached, indicating that the hy-
drogen molecules remain intact. We find that phase III
persists while no unambiguous change of optical prop-
erties of hydrogen could be detected. We constrain the
pressure of the transition to the metallic state to 325-495
GPa.
Our Raman and IR techniques are described
elsewhere25,28–30. Near IR measurements were per-
formed with a conventional and synchrotron source. We
used natural type I beveled (8-10 degrees) diamonds
with 30-50 µm culets. Here, we report the results of
four different experiments, which ended up by diamond
failure at 230-285 GPa. All experiments were done at
low temperatures (78-140 K). In one of them (to 255
GPa) the sample contained a small amount of ruby, so
Raman and IR absorption measurements could be per-
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formed along with accurate pressure measurements by
ruby fluorescence using a direct pumping scheme with
a Ti-sapphire laser (705-740 nm) as described in Ref.30.
Raman measurements were also performed with near-IR
excitation. Other samples contained a large amount of
ruby to improve the pressure distribution in the high-
pressure chamber. Since the vibron absorbance in phase
III is rather high22, we could afford to reduce an amount
of hydrogen to approximately 1% of the whole sample
volume at highest pressures. Visible optical absorption
spectroscopy was used to further characterize the sam-
ples.
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FIG. 1. Raman and IR absorption spectra of H2 at 248
GPa, 140 K (upper curves) and 205 GPa, 20 K (lower curves).
Figure 1 presents Raman and IR spectra at 250 GPa
and at 205 GPa (p-H2
25). The latter were obtained on a
sample converted to pure p-H2
25 Raman spectra at 250
GPa reveal of a number of narrow low-frequency bands
associated with librations and translations of molecules
in accord with our previous study to 205 GPa in p-H2
25.
The spectra are qualitatively very similar; the pressure
shift of the lattice and vibron modes will be discussed
below. As in Refs.26,27, we observe only one Raman vi-
bron. The second one (which is much weaker) observed in
Ref.25 is outside our available spectral range determined
by the excitation wavelength and the sensitivity of the
CCD detector. IR spectra are also in agreement with
previous studies at lower pressures13,22–25. Comparison
of the frequencies of the high-frequency IR bands with
those of the low-frequency Raman spectrum suggest that
they originate from combinations of the IR vibron and
lattice modes22–24.
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FIG. 2. Pressure dependence of the measured Raman and
IR vibron frequencies compared to theoretical results. The
large solid and open symbols are our IR and Raman data re-
spectively. The solid curves are straight lines (guide to the
eye). The small solid and open symbols connected by dotted
lines are the calculations from the Ref.31. The inset shows
the IR absorption spectrum of composite a H2/ruby sample
at 285 GPa. The inset in the bottom is the ruby fluorescence
spectrum at 248 GPa measured by the direct pumping tech-
nique with 705 nm excitation. The pressure is determined
from the spectral positions of N2 and R1 ruby lines according
to the calibration of Ref.32 extrapolated to higher pressures.
The accuracy of the pressure determination is estimated as
±5%.
Of particular interest is the 6200 cm−1 band, which rep-
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resents the combination of the IR vibron and the highest
frequency lattice mode, corresponding to the axial trans-
lational vibration22–24.
Figure 2 shows the pressure dependence of the IR- and
Raman-active vibrons and lattice mode frequencies. The
results obtained are in reasonable agreement with our
previous study25. In contrast, the pressures determined
in Refs.22,24 by extrapolating the IR vibron frequency by
the second order polynomial are substantially underes-
timated as noted in Ref.33. For the IR absorption mea-
surements above 250 GPa (Fig. 2 inset), the pressure was
determined by linearly extrapolating the IR frequency.
This determines the stability range of phase III on the
basis optical measurements. Comparison of the mea-
sured frequencies with the results of recent theoretical
calculations31 shows some discrepancies including both
the number of the modes observed and their IR and Ra-
man activity, however the pressure dependence (slope) is
in reasonable agreement (Fig. 2). The same is true for
the lattice modes (Fig. 3), although direct comparison is
complicated because of a lack of specific assignment from
both experiment and theory.
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FIG. 3. Pressure dependence of the measured lattice mode
frequencies and comparison with theoretical results. The solid
and open symbols are our IR and Raman data, respectively.
The solid lines are guides to the eye. The triangles connected
by dotted lines are calculations from the Ref.31. The pressure
determination is described in the text and caption to Fig. 2 .
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FIG. 4. Raman vibron frequency and highest phonon fre-
quency (see text) as a function of density calculated accord-
ing to measurements from the Ref.34 and extrapolated to high
pressures.
The reason for the disagreement in the case of the
vibron modes seems to originate from the structure of
phase II proposed in Ref.31 (very similar structure was
proposed earlier35), which contains two different site
symmetries for hydrogen molecules (with generally dif-
ferent bond length). As a result, two distinct manifolds
of vibrons are predicted, which does not seem to be con-
firmed by the experiment. The experimental data indi-
cate that the splitting between IR and Raman vibrons
is dominated by vibrational (or factor-group) splitting22,
and the multiple site-group splitting (if any) does not
play a substantial role, unlike the situation for several
other molecular crystals (e.g., δ-N2
36). If so, one can use
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a simplified bond-force model to predict the upper bound
for dissociation of the hydrogen molecules (e. g. Ref.37).
The distinction between intra- and intermolecular bond-
ing creates a gap in the vibrational density of states,
which can be determined as a difference between the low-
est vibron and the uppermost phonon (Fig. 4). Linear
extrapolation of the frequencies to high density (pres-
sure) give an intersection at ∼0.74 mole/cm−3 (495 GPa
if using EOS from Ref.34) for the point corresponding to
the ”no gap” situation that is to the transition to the
nonmolecular state (presumably metallic) assuming no
further phase transitions occur. This kind of transforma-
tion path would require a structural resemblance between
the nonmolecular and molecular phase (e.g, ice X38) and
may be preempted by band-overlap metallization within
the molecular state, which could trigger a transformation
to an altogether different molecular structure3,39.
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FIG. 5. Optical absorption spectra of a composite H2/ruby
sample in a diamond anvil cell at different pressures and com-
parison with a similarly prepared N2 sample
40. The solid
black and gray lines correspond to experiments with different
H2 content.
Figure 5 shows optical absorption spectra of hydrogen
samples mixtured with ruby. With increasing pressure
an absorption edge appears on the high-energy side and
shifts to lower energies. This absorption is presumably
related to a closure of the band gap of diamond under
nonhydrostatic conditions, as calculated in Ref.41 and ob-
served experimentally6,17,43. This absorption has a long
tail with additional features. The 2.3 eV feature observed
above 220 GPa has been previously reported in reflectiv-
ity spectra when metallic gaskets measured through the
stressed diamond anvil42 and some of our N2 absorption
spectra40; a peak at this energy can also be observed in
fluorescence spectra of stressed diamonds16. Comparison
of spectra measured for two samples with different H2
contents do not show substantial differences. Thus, no
obvious absorption due to hydrogen could be observed in
these experiments. For comparison, in our experiments
on N2 under similar conditions the absorption edge due
to electronic interband transitions in the sample is quite
obvious (Fig. 4), although thicker samples without ruby
filler were needed to determine the band gap40.
Resonance Raman scattering could provide an alter-
native independent way of measurement of the band gap
since one expects a resonant increase of intensity of the
Raman signal when incoming (and outgoing) phonon en-
ergies approach those of electronic excitations, including
those associated with the band gap45. We found evidence
for this in our early experiments on H2/ruby composite
samples, although the pressure onset and the measure
of the degree of enhancement could not be determined
quantitatively9. Accurate measurements of this kind re-
quire the use of an internal standard (or precision po-
sitioning of the sample) and correction for the absorp-
tion of hydrogen. The latter is not known because the
background absorption of stressed diamond masks it (see
above). Nevertheless, here we observed an increase of in-
tensity (by a factor 1.5-2.5) of the librational modes with
716-724 nm excitation at highest pressures reached (250-
255 GPa) in our Raman experiment. Because of diamond
failure, we were unable to determine whether any further
increase in Raman intensity occurs at higher pressure.
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FIG. 6. Band gap of hydrogen as a function of density. The
solid line is the best fit to data of Ref.46 extended linearly to
gap closure (long dashed line). The long dash-dotted lines
are the theoretical calculations for different crystal structures
of phase III3. The dotted lines are the theoretical calcula-
tions for Pca21, Cmc21 and P21/c structures (from left to
right, respectively) of phase III from Ref.44 (the results are
very close to each other). The solid diamond is Raman res-
onance scattering point obtained in Ref.9. The solid circle
is the similar point obtained in this work. The arrows show
that the pressure could be underestimated9 or the resonance
conditions were not reached (see text). For comparison, esti-
mations of the band gap of stressed diamond (this work) are
also shown (inset shows the stressed- induced fluorescence of
diamond at sample pressure of 196 GPa and 10 K). The dou-
ble solid - dotted line corresponds to measurements of the
peak positions of two strongest diamond fluorescence peaks,
which may correspond to the band gap (no correction for the
phonon energy, possibly involved in case of indirect gap, is
made). The open circles are the absorption edge values of
stressed type II diamond obtained from direct measurements
under pressure43. The gray solid line is a guide to the eye.
The hydrogen density is calculated from Ref.34 (extrapolated
above 120 GPa) by using the pressure measured inside the
diamond anvil cell for all experimental data.
Figure 6 summarizes the results of determination of
the band gap of hydrogen as a function of density by
various methods. The extrapolation of the results of di-
electric oscillator model fits based on interference fringe
measurements46 can be considered a rough guide for the
density dependence of the direct gap. Recently calcu-
lated theoretically band gaps for assumed Pca21, P21/c
and Cmc21 structures
3,44 are in agreement in terms of
the slope but show smaller values, which is consistent
with the fact that they are indirect gap values. Notably,
some of the early calculations predicted very different
density dependence for the direct and indirect gaps4,46.
The indications of the band gap energy from the reso-
nance Raman scattering (Ref.9 and this work) are also
shown and are consistent with the general trend. No ev-
idence for the direct band gap closure is found in our
visible transmission measurements (Fig. 5), although a
small indirect gap or even its closure cannot be ruled
out because of a submicron thickness of the sample (see
also Ref.9). It is worth noting that the band gap of the
stressed diamond also decreases with pressure41,43. In
one of our early experiments with synthetic diamonds25
we observed a stressed induced fluorescence as narrow
bands shifting with pressure to lower energy (Fig. 6 in-
set), which can be related to the band gap closure of
stressed diamond in agreement with data of Ref.43 and
calculations41. Note that the band gap of hydrogen and
stressed diamond are estimated to be comparable at these
pressures, which makes measurements of the band gap
of hydrogen problematic by conventional optical tech-
niques. Nevertheless, the data presented in Fig. 6 show
that according to different estimations the direct band
gap of hydrogen is expected to close at about 0.6-0.65
mole/cm3, which correspond to pressures of 325-385 GPa
(c.f. Ref.46) according the equation of state of Ref.34.
In conclusion, we have performed various optical mea-
surements of hydrogen to 285 GPa. Vibrational and
optical spectroscopy data provide different sets of con-
straints on the higher-pressure transformations, includ-
ing both pressure induced dissociation to form a non-
molecular metallic solid and band-overlap metallization
in which molecular bonding persists. Extrapolations of
the vibron and phonon frequencies suggest transforma-
tion to a monoatomic state below 495 GPa. On the other
hand, considerations of the absorption edge indicate the
pressure of metallization at 325-385 GPa on the basis
of tentative extrapolation of the direct band gap energy.
Although this complicated by affects of stressed-induced
diamond absorption and possible differences between the
behavior of the direct and indirect gap, there appears to
be an emerging consistence between various experimen-
tal and theoretical results, with a predicted transition at
325-495 GPa.
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